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ABSTRACT
HYDROGRAPHIC VARIABILITY ON 
DECADAL AND INTERDECADAL SCALES 
IN THE NORTHERN GULF OF ALASKA
Xandita Sarkar 
Old Dominion University. 2001 
Director: Dr. Thomas C. Royer
The mixed layer depth (MLD) in the North Pacific is important to vertical mixing 
and hence the flux nutrients into the euphotic zone. A time series of hydrographic 
measurements, temperature and salinity versus depth, at a coastal site in the 
northern Gulf of Alaska is used to determine the seasonal and interannual varia­
tions in the MLD. Data from this station called GAK 1 (59°50.7‘X. 149C28.0'\V) 
in 203 m of water begin in 1974 and end in 1998. The MLD changes seasonally 
from about 50 m in summer to more than 130 m in winter. These changes are in 
response to the seasonal variations in the wind stress, solar heating, precipitation, 
and freshwater discharge. The 25 years of hydrographic data allow the determina­
tion of interannual variations in the MLD. The MLD trend over this period is for 
a slight increase in the MLD that is not statistially significant. This is in contrast 
to others who found a significant shoaling of the MLD in the central region of the 
Gulf of Alaska (Ocean Station P. 50°X. 145°\V). This difference in the response 
of the marine system is reasonable if one assumes that an increase in the circu­
lation of the Alaskan Gyre will result in enhanced upwelling in the central gulf 
(OSP) and enhanced downwelling along the coast (GAK 1). The seasonal and 
interannual variations of the GAK 1 temperatures and salinities reveal 1) a pos­
sible coupling between salinity, density and freshwater discharge and 2) a strong 
coupling between temperature and Pacific Decadal Oscillation (PDO) and the 
Southern OScillation Index (SOI). Spectral analyses of the hydrographic parame­
ters and environmental parameters of PDO. upwelling (downwelling). freshwater
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discharge and SOI also reveal many similarities. The density spectra are very sim­
ilar to salinity spectra with a few exceptions. Those exceptions are found at depth 
where the temperature and salinity are related. This allows temperature to influ­
ence salinity and hence density. The environmental parameters or physical forcing 
can he separated according to their dominant periods of variation: either El-Xino 
Southern Oscillation (ENSO) periods of less than 10 years or interdecadal pe­
riods. The hydrographic parameters primarily have ENSO periods, though the 
deep waters also have significant interdecadal variations. PDO has both ENSO 
and interdecadal periods. The upwelling index has approximately equal contribu­
tions from ENSO and interdecadal variability and freshwater discharge variations 
have primarily ENSO periods.
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Chapter 1 
Introduction
The northern Gulf of Alaska is. both ecologically anti commercially, a very 
valuable marine system. This ocean has provided much bounty to generations of 
native populations who have lived off these seas. Changes in the natural system 
and changing usage of marine resources will have great implications for the future. 
To predict future trends, we need a better understanding of the natural variability 
of the marine system and the closely coupled atmosphere.
One of the mechanisms by which the atmosphere and the ocean interact is 
through changes in the depth of the mixed layer (MLD) [Polovina et al.. 1994: 
Mann. 1993j. The major forcing mechanism of the MLD in this region, wind, is 
controlled by the position of the storm track. The deepest winter mixed layer is 
achieved by a small number of winter storms created by the intensification of the 
Aleutian Low. Polovina et al. [1995] suggest that MLDs in the Gulf of Alaska 
shoaled between 1977-88 compared to 1960-76. This is supported by the study by 
Freeland et al. [1997] who calculate MLDs based on density data from Ocean Sta­
tion Papa (OSP) (50°N. 145°W). Their study indicates decreasing surface density 
and a shoaling trend in the deepest winter mixed layer depths. They conclude that 
primary production in the region will be adversely affected by shoaling because 
there will be a reduction in the nutrients entrained into the upper ocean every 
The journal model for this thesis is the Journal o f Geophysical Research (Oceans).
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CHAPTER  1. INTRODUCTION
year. However, additional influences on primary production should also be con­
sidered. In high latitudes, where light levels change seasonally and light angles are 
more oblique than at lower latitudes, deepening of the mixed layer can decrease 
production since it mixes water and organisms into darker zones. In lower lati­
tudes primary production can increase with deepening MLDs as deeper nutrients 
become additionally available in the euphotic zone. It has been suggested that 
there is an optimal stability window [Gargett, 1997; Gargett et al., 2001] of the 
MLD within which primary production is maximized. According to this theory, 
as water column stability increases and MLDs shoal, northern (Alaskan) stocks 
will move towards optimal conditions and southern (northern California) stocks 
will move away from it. The opposite will be the case when water column stability 
decreases and MLDs deepen.
This theory agrees with observations by Hare et al. [1999] that Alaska and 
(lower) West-coast Pacific salmon stocks are out of phase with one another. In 
t lit* l;ist few decades, while West-coast salmon production falters. Alaska salmon 
production flourishes. Although previously it was believed that salmon produc­
tion is affected by environmental conditions at each stage of its life cycle [Lawson. 
1993]. recent studies show that salmon production is affected more in the coastal 
pluises of the salmon life cycle rather than the freshwater or deep sea phases 
[Gargett. 1997], Considering that sources of food are necessary for the survival of 
juvenile fish, high primary production would be beneficial to salmon production. 
Assuming that this significant link between atmospheric conditions and the biol­
ogy of salmon production is through changing MLDs. the next logical step is to 
compute the trend of MLDs at the only other station in the Gulf of Alaska other 
than Line P (including OSP) where hydrographic data are available -  GAK 1.
A number of other authors have discussed the role that changing the deepest, 
winter mixed layer depths played in connecting the atmosphere to the ocean’s 
biology. Namias [1969] discussed the important role played by the Aleutian Low 
Pressure system in the oceanography of the region. The strength of this system has 
been found to affect changes in North Pacific fisheries [Brodeur and Ware. 1992: 
McFarlane and Beamish. 1992; Beamish and Bouillon, 1993; Polovina et al., 1994].
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Polovina et al. [1995] calculated mixed layer depths in the Central and North 
Pacific based on water column temperature observations from 1960 to 1988. They 
found that the mixed layers in the Gulf of Alaska were 20-30 percent shallower in 
1977-88 than during 1960-76. They attributed this change to the intensification 
of the Aleutian Low and found strong direct correlations between the strength of 
the Aleutian Low (as given by the Aleutian Low Pressure Index) and salmon and 
zooplankton production.
Some doubts have been expressed as to the validity of the computations of 
MLD based only on temperature [Polovina et al.. 1995] instead of density that is 
a function of both temperature and salinity. Time series of salinity measurements 
are important but rare. The equation of state of seawater [UNESCO. 1981]. 
is non-linear so with low temperatures and large salinity ranges, salinity plays 
a greater role in determining density than temperature. Freeland et al. [1997] 
found that shoaling MLD (based on temperature and salinity) trends at OSP 
were significant at the 95% confidence level. Although the top of the deeper 
pycnocline was selected instead of the core, their maximum MLDs corresponded 
well with the pycnocline. They observed a steady shoaling of MLDs over almost 
four decades (1956 - 1994). From this they computed a linear shoaling trend of 
63 m/century, with a 95% confidence interval of ±28 m/century. The study also 
predicted that as the MLDs were shoaling, there should be a declining trend in 
upper mixed layer nitrate concentrations. The nutrient reduction is caused by 
a reduced winter entrainment of deep waters with high nutrient concentrations. 
Since the nutrients in this shallower upper layer could be depleted, this would have 
an adverse effect on biological productivity. Such a reduction would eventually 
affect the biological production and the fisheries in the entire X. E. Pacific.
This study focuses on the hydrography at GAK 1 and tries to explain the 
patterns observed on the basis of some identified 'forcing functions'. The research 
questions to be addressed are:
1. W hat are the dynamics that determine the maximum winter MLDs at GAK 1?
2. Which are the important environmental parameters in the region?
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3. W hat are the relative influences of these environmental parameters on hydro- 
graphic parameters at GAK 1?
4. Is the X. E. Pacific responding uniformly to these forcing functions?
5. What are the seasonal and interannual effects of temperature and salinity on 
density at different depths?
The following section gives the background information about the study area 
and the atmospheric and oceanic processes important here. Based on this, rele­
vant environmental parameters are identified that might be used to explain the 
observed hydrography. Section 3 describes the data sets used in this study and 
details quality controls used on them along with a description of the analysis 
techniques used in this study. These techniques include algorithms used to cal­
culate mixed layer depths and methods to conduct spectral analyses to examine 
data in the frequency domain. Section 4 presents the results of the analyses and 
discussions. Section 5 presents the conclusions of this study.
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Chapter 2
Background
Gulf of Alaska Station 1 (GAK 1) is the most inshore of a series of hydro- 
graphic stations extending south from Seward. Alaska. Situated at o9°50.7'X. 
149;28.0'\Y. it is located at the mouth of Resurrection Bay. The bottom depth is 
263 m. The station is in a region where there are a number of glaciers discharging 
cold freshwater at the surface.
There is a strong seasonality in the wind patterns over the Gulf of Alaska 
[ W i i s o T i  and Overland. 1986]. In the summer, the North Pacific High lies over the 
northern Pacific and the summers are mild. The winds in the region at this time 
are weak and variable. As winter approaches, the high pressure system retreats 
southward and it is replaced by the intense Aleutian Low. The weather system 
of the Gulf of Alaska is dominated by this low pressure system. Thus this region 
is a major storm dissipation area [Royer. 1998]. The shift in the pressure system 
between the Pacific High and the Aleutian Low over the Gulf of Alaska gives a 
strong annual component to the wind stress.
Southcoast Alaska is backed by the Coast Range of mountains with elevations 
in excess of 4000 m [Royer. 1982]. This has a number of implications. First, 
these mountains form an orographic barrier to onshore winds. Adiabatic cool­
ing of the air-masses as they are lifted over the orographic barrier causes high 
rates of precipitation. Second, the mountains create a narrow coastal area as
5
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Gulf of Alosko
$ceon Station P
Figure 1: Location of GAK 1 and OSP
drainage basin for the ensuing precipitation. Third, the combination of high lat­
itude and high altitude lowers the snowline sufficiently to permit snowfields to 
develop [Meier. 1984]. A large number of small streams discharge into the north­
ern Gulf of Alaska. They form a line source of freshwater along the rim of the 
northern Gulf of Alaska, from British Columbia to about 150°W longitude. This 
creates an onshore-offshore salinity gradient that drives an alongshore baroclinic 
jet — the Alaska Coastal Current.
An important aspect of the oceanography of the region is the annual change in 
Ekman transport due to the shift in atmospheric pressure between the winter low 
and summer high [Royer. 1975]. Xiong and Royer [1984] describe the hydrology
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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structure at GAK 1 from 1970-1983. According to their study, annual differences 
are highly evident at this station. Both the thermocline and the halocline ex­
ist simultaneously in the summer. However, they have different mechanisms of 
formation and/or decay as they are found at different depths. In winter, there 
is a temperature inversion between 15-200 m and the temperature inversion in 
spring is at 75 m. The annual temperature minimum occurs in spring for the 
entire column. The greatest upper layer (< 50 m) salinity was observed in spring 
while at greater depth (> 150 m) the maximum salinity is observed in late sum­
mer. Minimum surface salinity coincides with the temperature maximum in the 
summer.
The sea surface is in continuous interaction with the atmosphere above it. 
Some of the interactions are obvious, others are subtle and take place over long 
time periods. Absorption of short-wave solar radiation increases the temperature 
of the water. The increase is greatest in surface waters and diminishes rapidly with 
depth. In the ocean, due to convection or stirring by wind waves, the decrease 
of temperature with depth does not have a uniform pattern. This stirred layer, 
having uniform water properties down to some depth from the surface, is known as 
the surface mixed layer. For the mixing to take place, colder and/or saltier water, 
that is. denser water, must be displaced upwards against gravity and warmer 
and/or fresher (lighter) water displaced downwards against buoyancy. The energy 
required to accomplish this is reflected as a change in the potential energy of the 
water column [A/ann and Lazier. 1996]. Thus mixed layer formation is important 
from the point of view of energetics or dynamics of the water column. The strength 
of the pycnocline. i.e. the density difference across the pycnocline at the base of 
the surface mixed layer, determines the ease with which particles can move across 
the pycnocline. The pycnocline acts as a barrier to turbulent diffusion of nutrients 
from deep, nutrient rich areas to the surface euphotic zone and has implications 
for the T  ratio [Eppley and Peterson. 1979]. The T  ratio is the ratio of new 
production to total production. Thus it gives a measure of the portion of total 
production due to allochthonous nutrient inputs to the euphotic zone.
The surface mixed layer is a product of wind-forcing and other forcing such as
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mixing and thermohaline convection, yet it is logical to assume that the greater 
the wind velocities and the longer their duration, the deeper the mixed layer. 
After a deep mixing event, when the wind slackens, traces of the deep mixed layer 
remain until another mixing event is superimposed on it or it is advected out of 
the region. Since in the Gulf of Alaska, wind stress follows an annual pattern with 
maximum wind stress and diminished vertical density stratification in winter, the 
deepest mixed layer should be a “relic" mixed layer [Sprinta.ll and Roemmich. 
1999] for the year. In this study, this is referred to as a “regional" mixed layer. 
The “local" mixed layer depth refers to the mixed layer achieved by any mixing 
event, not necessarily the deepest one.
2.1 Environmental Parameters:
2.1.1 El-Niiio -  Southern Oscillation:
El-Xiiio -  Southern Oscillation (ENSO) is one of the largest interannual cli­
mate signals and it depends on the coupled interactions of the dynamics of the 
ocean-atmosphere system [Neelin et al.. 1998]. According to Bjerknes [1969]. the 
ENSO is self-modulating, with SST anomalies in the Pacific driving the varying 
strength of the trade winds. According to modern understanding of the system, 
tin* memory required to switch the phase of the oscillation is provided by the slower 
timescale of the ocean [Neelin et al.. 1998]. Latif and Graham [1992] found that 
significant variability is associated with the subsurface thermal structure. ENSO 
has periodicities ranging from 2 to 7 years [Rasmusson et al., 1990]. There are 
two distinct periodicities in this range - a low-frequency, quasi-quadrennial peak 
of 3-5 years and a weaker peak of around 2 years, called the quasi-biennial peak. 
ENSO periodicities have been found in many natural signals in almost all pans 
of the world. This raises questions about the modes of propagation of ENSO. In 
this study. ENSO is hypothesized to reach the Gulf of Alaska as a Kelvin wave 
propagating along the coast. This is consistent with studies and observations that 
ENSO propagates along eastern boundaries of ocean basins as a coastal Kelvin
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wave, with associated phase speeds [Meyers et al., 1998]. The Southern Oscilla­
tion Index (SOI) [Bjerknes. 1969] has been used here as a measure of ENSO. SOI 
is based on the pressure difference between Tahiti and Darwin. Australia.
2.1.2 Pacific (inter)Decadal Oscillation:
Decadal and interdecadal signals have been observed repeatedly in the hydro- 
logical cycle [Navarra. 1999]. In the late 1970s. there was a significant change in 
the weather systems in the Pacific climate basin [Namias. 1978]. Mantua et al. 
[1997] proposed a climatic pattern called the Pacific (inter)Decadal Oscillation 
(PDO) to explain the interdecadal climate variability in the Pacific and define 
the change in climate in the 1970s as a ’regime shift'. The PDO is defined as 
the first EOF amplitude of monthly SST anomalies in the Pacific Ocean north 
of 20“X !Zhang et al.. 1997: Mantua et al.. 1997]. PDO is not really a forcing 
function but a spatial pattern of SST. The SOI and PDO are correlated such 
that cold/warm phase of ENSO coincides with positive/negative polarity of PDO 
spatially [Mantua et al.. 1997].
Although the ENSO and PDO signals are spatially similar, they have con­
siderably different temporal signals. While ENSO consists of quasi-quadrennial 
and quasi-biennial peaks. PDO has peaks at decadal, bidecadal and pentadecadal 
periods.
2.1.3 Freshwater discharge:
High rates of coastal freshwater discharge in the northern Gulf of Alaska drives 
the circulation of the region [Schumaker and Reed, 1980] as a baroclinic jet. the 
Alaska Coastal Current [Royer. 1982]. However, because there are numerous 
streams that discharge into the Gulf of Alaska, each of which have their waters 
locked as snow/ice for part of the year, it is difficult to quantify the amount of 
freshwater that discharges into the northern Gulf of Alaska. Some attem pts have 
been made to calculate the runoff from water-balance studies and conservation 
of salt. Assuming vertical flux of salt due to upwelling, Reed and Elliott [1979]
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balanced the salt with a combination of discharge and the excess of precipitation 
over evaporation (P -  E). Royer [1979, 1981, 1982j has obtained coastal freshwa­
ter discharge estimates for the northern Gulf of Alaska (Southeast and Southcoast 
Alaska). A 150 by 600 km drainage area represents the coastal region. Monthly 
mean U.S. Weather Service precipitation rates are the input to the model. This 
precipitation is either allowed to be stored as snow or allowed to be runoff, de­
pending on the monthly mean air temperature. When air temperature rises above 
freezing, the snow is released slowly over several months from delineated drainage 
basins.
2.1.4 Upwelling index:
Few wind data are available for coastal locations in this region, especially the 
open, exposed coasts. Those data that are available are collected too far from 
the coast to be used in hydrographic analysis. Thus the upwelling index [Bakun. 
1973] at 60°.W 149°W is used as a proxy for wind stress. The upwelling index is a 
measure of the onshore-offshore component of the Ekman transport. The Ekman 
transport is computed from estimated mean monthly geostrophic wind stress on 
the sea surface at points near the coast. The Ekman transport is then resolved 
to calculate the offshore component, the magnitude of which is taken to be an 
indication of the amount of water upwelled through the base of the Ekman layer 
to replace water driven offshore by wind stress. The region has. for the most 
part, a downwelling regime. The upwelling index is negative for most of the year, 
except briefly in the summer months when the winds are upwelling inducing. The 
upwelling index has been computed from mean pressure field data computed by 
the Fleet Numerical Weather Central (FXWC).




Hydrographic data versus deptii have been collected at GAK 1 since Decem­
ber. 1970 on a quasi-monthly basis. Originally, these were bottle samples at ten 
discrete depths. STD (Salinity - Temperature - Depth) sampling started in 1974. 
followed later by CTD (Conductivity - Temperature - Depth) measurements when 
these instruments replaced the STDs in the late 1970s. Since it was desired to 
investigate the changes in the mixed layer depth with a finer resolution than the 
discrete sampling afforded by the bottle data, only STD/CTD data beginning in 
1974. with a 1 m depth-sampling interval have been used in this study. Until 
September 1990. the sampling was quasi-random, based on research vessel ship- 
of-oppurtunity sampling, so there are some long gaps in the data set. Since 1990. 
the sampling is approximately monthly (9 times a year). The original data  set 
has been edited using some quality control measures. First, the casts with depth 
greater than 275 m were considered not "on station" and thus eliminated as the 
actual bottom depth is 263 m. For some analyses incomplete casts were also 
eliminated but the depth up to which the cast was retained varied for different 
analyses. Second, the casts with temperature, salinity or density anomalies greatly 
variant from the "normal'7 were also eliminated. These abnormalities consisted of
11
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spikes which appeared to be due to some sampling error or instrumentation prob­
lems. The quality control measures employed were much stricter for those profiles 
used for the spectral analyses than for the calculation of the mixed layer depths. 
Some casts accepted for mixed layer depth calculations were shallow casts, but the 
mixed layer was clearly apparent within the short cast. For the spectral analysis, 
spectra were calculated for the hydrographic data down to 175 tn depth, so deep 
casts were required for the analysis.
One goal of the present study is to identify the environmental parameters of 
importance to the hydrography of the region. Four such potential forcing patterns 
or mechanisms were identified: the Pacific Decadal Oscillation. EN’SO. freshwater 
discharge and upwelling index. They are not necessarily independent of each other 
but are distinct and significant in their effects on the hydrography of the region. 
PDO is not. strictly speaking, a forcing function but rather is a spatial pattern 
of SST. It is thus the result of. and proxy for. thermal forcing. Since the ENSO 
signal reaches the coast of Alaska as a Kelvin wave, the geostrophic component 
of the Kelvin wave displaces sub-surface isotherms perpendicular to the direction 
of wave propagation.
The data for the Pacific (inter)Decadal Oscillation (PDO) are maintained at 
the L'RL: http://tao.atm os.w ashington.edu/pdo/
The mean monthly upwelling index data are obtained from: 
htt p: / /  www.pfeg.noaa.gov/
The SOI data are available at: http://www.pmel.noaa.gov/
The freshwater discharge data are taken from: http://w w w .im s.uaf.edu/gakl/
3.2 Influence of temperature and salinity on 
density
Both temperature and salinity influence seawater density. At low tempera­
tures and small temperature ranges, it is expected that salinity will have a  greater
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impact on density than temperature. One way to determine this influence [Free­
land and Whitney. 2000] is by expressing the stability of the water column as the 
density gradient:
dot _  dot OT dat dS
~dl= d f l h  + as a7
where at is the water density, c is the depth, T  is the temperature and 5  is the 
salinity. The two terms on the right hand side give the temperature and salinity 
influences on density, respectively. A ratio 'FT of these two terms then gives the 
relative contributions of salinity and temperature on density.
_  dot d T  dat dS  
~  arI h 'd s lk
At each depth, four values of sigma-t are computed using the range of temperature 
and salinity values. Since the Equation of State [UNESCO. 1981] is non-linear, 
the temperature influence is determined by calculating the range of sigma-t using 
the range of temperature (maximum - minimum) with a mean salinity [Fofonoff. 
1985]. The salinity influence is calculated in a similar manner by determining 
the range of sigma-t from the mean temperature and range of salinity. These 
calculations were done for each depth and each month of the year. For the depth 
range in this study, the effect of pressure is taken to be negligible. An R of unity 
indicates equal influence of salinity and temperature on density, a value greater 
than unity indicates greater influence of temperature and a value less than unity 
indicates greater influence of salinity.
3.3 Calculation of mixed layer depths (MLDs)
Another goal of this study is to compare the MLDs obtained for GAK 1 to 
those obtained by Freeland et al. [1997] for the central Gulf of Alaska in order to 
determine whether similar conditions occur in the northern Gulf of Alaska. Three 
independent methodologies have been used to calculate the deepest winter MLDs. 
The first is an algorithm based on the method used by Freeland et al. [1997]. This 
involves the fitting of a step function to the upper ocean density distribution. 
The best fit of a two-layer structure is determined using a least-squares technique
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where the depth of the upper mixed layer, h. is found. While Freeland et al. [1997] 
have used 300 m as the maximum depth of the two-layer system H, in this study 
it has been changed due to shallower depth of the station. The maximum depth of 
263 m is used for H. This would be an acceptable choice as Freeland et al. [1997] 
have found that the method is not sensitive to a choice of H between 200 and 
500 m. Once h is determined, the depth of the lower layer is known (H - h) and 
the mean densities of the upper and lower layers can be determined.
The other two independent methodologies are visual examinations of the den­
sity profiles. Two investigators (N. Sarkar and T. Royer) separately examined the 
density profiles to determine the most appropriate depth of the deepest winter 
mixed layer. These have been used as a check for the method computing MLDs 
from the algorithm. A statistical test is made to check whether the three sets of 
MLDs are correlated. The significance of the trend found in the MLD time series 
is then tested using Mann statistics. The Mann statistics tests whether there is a 
statistically significant trend in a time series. It is a non-parametric test based on 
Kendall's tau and is thus a more robust test than parametric ones [Kendall and 
Gibbons. 1990]. Trend analysis is carried out on potential environmental parame­
ters like freshwater discharge, upwelling index and PDO over the same period of 
time.
3.4 Maximum entropy method of spectral 
analysis
The maximum entropy method (MEM), using the Burg algorithm [Ulrych. 
1972;. is a popular method of spectral analysis because of its property of high 
resolution at low frequencies. The MEM spectrum of a stationary', random, uni­
formly sampled process is the spectrum that results from maximizing the entropy 
of that process. Information is defined as: /, =  K log(l/p i) where A' is a con­
stant and pl are the probabilities of occurence. The average information per time 
interval (T).  represented by H.  is called entropy and defined [Shannon. 1948] as:
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H  =  =  -  A' £  pi log Pi
1 t=i
Entropy is thus the measure of disorder in a system. The probability distri­
bution that maximizes the entropy is numerically identical with the frequency 
distribution which can be realized in the greatest number of ways [Jaynes. 1968]. 
To apply the concept of maximum entropy to spectral analysis, the relation be­
tween the entropy rate for an infinite process is related to the spectral density 
S(f) of a stationary Gaussian process as:
w  =  7 7 -  r4 /v  J-Is
where fv is the Nyquist frequency. Rewriting in terms of the autocorrelation o{k): 
H =  [  log] Y ,  o(k)exp{- i2rf kAt . ) ]df
J  S  ~ f . \  f c = : - 3 C
where At  is the uniform sampling rate. Maximizing this with respect to the un­
known o(k) under the condition that S(f) must also be consistent with the known 
autocorrelations o(0) o (M — 1) gives the MEM spectral estimate. This approx­
imation gives the maximum uncertainty with respect to the unknown information 
while being consistent with the known information [Ulrych and Bishop. 1975]. 
The number of degrees of freedom is calculated by taking the ratio of the total 
number of data points to the number of coefficients calculated.
To define confidence limits for the maximum entropy spectra, a red spectrum 
is used. It is assumed that the red spectrum is that of an AR(1) process and is 
derived as [Priestly. 1981]:
SrU)  = — .— , ,1 -  2pi cos(2~/A f) +  pi 
where pi is the autocorrelation function at lag 1. /  being the frequency. Thus 
deviations from this spectrum have a chi-squared distribution. The values for the 
confidence limits are then obtained by looking up the multiplicative factor from 
the chi-square distribution table, using the degrees of freedom for the required 
probability.
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3.5 Lomb’s method of spectral analysis
Spectral analysis is used to partition the variance of a time series as a func­
tion of frequency. For a stochastic time series, contributions from the different 
frequency components are measured in terms of the power (energy per unit time) 
spectral density [Emery and Thomson. 1998]. The Lomb method [Lomb. 1976]
evaluates data (and sines and cosines) only at times f, that are actually mea­
sured. For .V data points, if F  is any hydrographic variable or forcing function. 
F, =  =  1.2........V. and the mean and variance are calculated as:
1 v 
- v i = i
1 i=i
Then the normalized (by the variance) Lomb periodogram ( spectral power as a 
function of angular frequency. ^  =  2~ f  > 0 ) is defined by:
p  { a = 1 f IT.j (Fj -  F) cos ̂ '(tj - O p  [ZjjFj  -  F)  — £)]-
2(7- £ , e o s M ^ - a  ^  E j S i n - ^ - O  '
where 5 is defined bv the relation:
s
1 sin 2^'tj
c — —  arctan
2u: Y.j cos
The scaling with £ has two major effects:
(i) It makes P\-(~’) independent of shifting all the t, "s by any constant.
(ii) It weighs the data on per point' basis, instead of a ’per time interval' basis. 
The Lomb method can be used for unevenly spaced data whereas fast Fourier 
transform (FFT) and maximum entropy techniques require uniformly spaced data.
The normalization of the Lomb periodogram facilitates finding significance of 
the peaks in the spectrum P\-(u;). The null hypothesis states that the spectrum 
is 'white', ie. the spectral constituents have near-equal amplitude throughout the 
frequency range [Emery and Thomson. 1998] i.e. the data values tire independent 
Gaussian random values. Thus in the case of the null hypothesis, at any particular 
jj. P\{u.-) has an exponential distribution with unit mean. Thus,
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P{> q) = 1 -  (1
for M independent frequencies between any given q and q+dq. q being any spectral 
density level normalized by the variance. P  is the probability that a value greater 
than q would be found by chance. Thus the significance is 1 — P.
The Lomb method of calculating power spectra, though very powerful, is not 
suitable for low frequency events like decadal and inter-decadal signals due to the 
assumption that the data are "white". It is used here as a check for the MEM 
spectra for the high frequency portions of the spectra.
Spectral analysis is done on the temperature, salinity and density data at se­
lected depths and also on the forcing patterns and functions. To quantify the effec t 
of the environmental parameters on the hydrography, the anomalies of the time 
series of the hydrographic data have been cross correlated with the forcing func­
tion and pattern anomalies. Annual signals in all data sets have been extracted 
since these signals would correlate well regardless of any potential relationships.
3.6 Preparing data for spectral analyses:
3.6.1 Hydrographic data:
After quality control measures, there were 205 out of 257 hydrographic profiles 
remaining over the period from 1974 to mid-1998. These data are not evenly 
spaced and especially in the 1970s and early 1980s. there are large gaps in the 
data sets. Lomb's method can be used with these data, but the maximum entropy 
method requires equally spaced data. Thus the data were linearly interpolated 
to fill the gaps and the interpolated data set has 295 monthly observations, from 
January 1974 to July 1998.
The means were removed from the data and these departures from the mean 
were used for spectral analysis. Before the spectral analyses, a quadratic wras 
removed to eliminate a possible very' low frequency or trend. Initial results from
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the spectral analyses showed a very strong annual component to the hydrographic 
signal. The annual signal was stronger at the surface and weaker at depth. To 
address the low frequency signals, the annual signal was removed. The monthly 
means were used its the annual signal as this truly eliminated the total annual 
frequencies. The number of coefficients in the maximum entropy method is set to 
150. while the total number of interpolated data points is 295. so that the effective 
degrees of freedom is 2.
3.6.2 Environmental parameters:
The environmental parameters (forcing functions and patterns) were analyzed 
over the same period its the hydrographic data. All the environmental parameters 
used here had regular monthly data, with no unusual deviations or gaps, so no 
quality control or interpolation was performed on them. As usual, the departures 
from the mean were used for spectral analysis. The PDO. discharge and upwelling 
index had strong annual signals, which were removed along with a quadratic trend. 
In addition, the discharge data had a large semi-annual signal due to the passage 
of the Aleutian Low pressure system and the spring melt. Thus, for the discharge 
data, after removal of the annual and a quadratic, the semi-annual signal and 
another quadratic were removed. Only a quadratic trend was removed from the 
SOI data as it did not have concentration of energy in high frequencies. For 
consistency, the effective degrees of freedom was maintained a t 2 for the maximum 
entropy method.
3.7 Analyzing variance of MEM spectral 
analysis :
The significant peaks obtained by the maximum entropy method are analyzed 
for the explained variance. In this analysis, all peaks above the 90% confidence 
interval have been considered to be significant and were used to calculate their 
contribution to the variance. Each peak is assumed to be a result of a sinusoidal
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signal composed of sine and cosine components. The least-squares method is used 
to calculate the amplitude and phase of the constituent harmonic which is then 
fitted and removed from the original signal. The variance is calculated both before 
and after the removal of the fitted harmonic. The ratio of the variance of this 
harmonic to the original (initial) variance gives the explained variance for that 
frequency. In this manner, the frequencies associated with the significant peaks 
in the signals are systematically removed from the original signals and explained 
variances are calculated for each peak.
The spectral peaks which have been considered for analysis of variance have 
been divided into two classes according to their periodicities. The peaks with 
periodicities between 2 and 7 years have been grouped together as ENSO-like 
periodicities and the sum of their explained variances has been calculated at each 
depth. The peaks with periodicites between 10 and 16 years have been classed 
together as decadal periodicities and the sum of their explained variances have 
also been calculated at each depth.
For this method, only those casts have been considered which go down to at 
least 250 m. There are 183 such casts which have been interpolated to 295 monthly 
values from January 1974 to .July 1998. A quadratic trend has been removed 
from these time series. The MEM (normalized) spectra have been calculated and 
the explained variance is based on the peaks obtained by this method. Since 
the spectra are normalized, the explained variances in the different hydrographic 
signals at the different depths can be directly compared.
3.8 Cross-spectral analysis:
Cross-spectral analysis is done to compare spectra of time series to see if they 
are coherent and if they have a stable phase relationship. The spectra were first 
calculated using Fourier methods with the Parzen filter as a spectral smoother. 
The coherency gives a measure of the energy in the cross-spectrum compared to 
the energy in the geometric mean of the spectra. The phase lag between the 
two spectra is then calculated, normalized by n. The coherency and phase are
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relevant only in the window when there is substantial energy in both spectra. This 
requirement sometimes makes it difficult for some spectra to be compared with 
others.
In the present study, cross-spectral analysis has been used in three distinct 
ways. Cross-spectral analysis has first been used to confirm that spectral sig­
nals in the hydrographic data are consistent throughout the water column. Thus 
cross-spectral analysis was carried out between the signal at the 10m depth and 
successively greater depths. The signal at the surface was not considered due 
to the higher 'noise' level. Second, cross-spectral analysis has been carried out 
between the environmental parameters and the hydrographic data at selected 
depths to find the coherence and the phase difference between them. Third, tem­
perature and salinity spectra at selected depths (10 m. 100 m and 175 m) were 
cross-correlated to estimate their interdependence.
The preparation of the data sets for cross-spectral analysis to determine the 
consistency of the spectral signals and for the cross-spectral analysis between 
the environmental parameters and the hydrographic data required removal of the 
annual means to determine anomalies. The linear and quadratic trends were 
also removed from each data set to detrend the data. All the spectra have been 
normalized by their standard deviations to allow comparison among them. For 
the cross-correlations of the temperature and salinity data, the annual signal was 
retained for analysis but the mean and the quadratic were removed. The annual 
signal is used to compare the spectral signal coupling at the annual frequency, 
where both temperature and salinity have a high amount of energy.
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Results and Discussion
4.1 Mixed layer depths:
The relative influences of temperature and salinity on density at selected 
depths are given by the ratio 'R ‘ (Table I). The values of R are considerably 
less than 1 and range from 0.1263 to 0.1529. The annual means vary from 0.1385 
at the surface to 0.1521 at the bottom. R is highest in the spring and lowest 
during summer. The range of R is uniform (~0.0025) from 50 m to 250 m. The 
values increase deeper in the water column, suggesting a lesser influence of salin­
ity on density with depth. However, the values still remain well below unity. So. 
though the effect of salinity is reduced at depth, it is still significant. The R values 
show that salinity has a greater influence on density than temperature at GAK 1 
throughout the year and over the entire water column. During winter and spring, 
when freshwater is locked up as snow and ice. the importance of salinity is slightly 
lower. In summer, snow and ice melts, releasing freshwater and the role played 
by salinity is even greater. The importance of salinity also decreases deeper in 
the water column. This is because the influx of freshwater is at the surface and 
salinity range decreases deeper in the water column.
The three independent MLD calculations at GAK 1 show a deepening trend 
during 1974-1998 (Fig. 2). The rates for the deepening trends (Table II) range 
from more than 100 m /centurv for the data set returned by the two-layer algorithm
21
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TABLE I: Mean annual values of L at different de aths at GAK 1
Depth in m Mean annual R Maximum R Minimum R
0 0.1385 0.1464 0.1263
10 0.1420 0.1467 0.1334
20 0.1436 0.1470 0.1368
50 0.1465 0.1475 0.1449
75 0.1477 0.1487 0.1462
100 0.1486 0.1497 0.1475
125 0.1493 0.1505 0.1480
150 0.1500 0.1515 0.1487
175 0.1506 0.1522 0.1494
200 0.1513 0.1525 0.1499
250 0.1521 0.1529 0.1505
aiul set 1. to about 50 m /century for data set 2. However, no trends are significant 
as the probability of being able to accept the null hypothesis of no significant trend 
is very high. The probability is calculated from Kendall’s r  and the the significance 
is given by 1 - probability. A value of 90% or more is considered to be significant 
in this study. It is possible that the lack of significance is due to the short time 
series, and given a longer record, the deepening trend could become significant. 
The difference in the trends of MLDs at GAK 1 (non-significant deepening) from 
the trend at OSP (significant shoaling) is probably a result of the differences in 
their physical location -  GAK 1 is at the edge of the Alaskan gyre, while OSP is 
located in the center of the gyre. This difference may be due to the different effects 
of environmental parameters at the center and edge of the gyre. Trends of the 
environmental parameters (Fig. 3) have also been analyzed (Table III). Whereas 
there are no significant trends in upwelling index and freshwater discharge, there 
is a (marginally) significant trend in SOI during 1974-1998. The ’trend' in PDO 
might be a part of a longer cycle since PDO appears to have a periodicity of 40 - 
50 years [Mantua et al.. 1997].
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Figure 2: Mixed layer depths (m) from 1974 to 1998 at station GAK 1
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Figure 3: Selected long-term environmental parameters in the North Pacific from 
1974 to 1998. (a) Upwelling Index (m3s~l per 100 m of coastline) : (b) Freshwater 
Discharge (rn3s -1): (c) PDO: and (d) SOI.
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_______TABLE II: Trend analysis for MLDs a t GAK 1 from 1974 - 1998______
Null Hypothesis: There is no significant trend in the data set.
Data Set Deepening trend 
(m/century)





Algorithm 116 0.147 0.302 no
Set 1 114 0.223 0.118 marginal
1 Set 2 52 0.060 0.673 no
TABLE III: Trend analysis for selected environmental parameters from 1974 -
1998___________________________________ _ ______________________________________
i  Null Hypothesis: There is no significant trend in the data set. I
Data Set Kendall’s r Probability that null 
hypothesis is true
Significance
L'pwelling Index 0.177 0.215 no
Freshwater Discharge 0.102 0.484 no
PDO 0.259 0.070 ves
SOI -0.227 0.112 marginal
4.2 Density profiles
The density profiles often contain a number of step-like features reminiscent 
of earlier mixed layers (Fig. 4). For example, the density profile of March 1985 
shows a surface mixed layer between 10 and 20 m depth. The profile slope is then 
smooth until the depth of 190 m. where there is a sharp gradient that can be 
considered the deepest winter mixed layer. For this profile, the three methods to 
calculate MLDs show good agreement. Such profiles are uncommon. More often 
the profiles look like the one of April 1998 (Fig. 4). This profile contains more 
than one sharp gradient change at different depths. Two of the methods choose 
two different breaks in the profile as the mixed layer depth, while the algorithm
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chooses a depth between the two. As a result, it is difficult in many cases to 
actually identify the deepest winter MLD. This suggests the influence of other 
processes affecting the MLD at GAK 1.













24.0 24.5 25.0 25.5 26.0
Sigm a-t (kg/m*)
Figure 4: Two density profiles: one of March 1985 showing good agreement between 
the 3 methodologies and one of April 1998 (more typical of the area) showing great 
disparity.
To investigate these other potential processes, mean depths of the MLDs were 
plotted for each month and their standard deviations were overplotted (Fig. 5). 
The summer months of July to September have small standard deviations. The 
winter months, on the other hand, have very high standard deviations and this 
could be a reason why it is difficult to calculate winter MLDs in this region. 
There can be a number of explanations for this. High standard deviations are 
due to highly episodic events. GAK 1 is situated at the edge of the gyre, where
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both downwelling winds and the Alaska Coastal Current should have significant 
influences. This will cause high variability in the hydrography at GAK 1. Since 
the greatest variability is in winter, the cause of these great variations is the 
wind stress and the maximum density is due to the minima in tem perature and 
freshwater discharge.
4.3 Analysis of spectra:
4.3.1 Hydrographic data:
The MEM temperature spectra (Figs. 6-14) have regular variations with 
depth. The temperature variability of the surface layer consists of a two-year 
signal (2.6 years) and a decadal signal (8.5 years) (Fig. 6). Between 10 m and 
20 m (Figs. 7 and 8). a decadal signal is seen along with a two-year period. At 
30 m (Fig. 9). although the peaks are much closer to the confidence intervals, 
the dominant period is still at about 2 years. Between 75 and 150 m (Figs. 10 
to 13). ENSO periodicities are clearly seen. Unlike at the surface, where most of 
the energy is in the 2.6 year peak, the energy at these depths is contained pri­
marily in the 3.7 year peak and in the 5.2 year peak. At 175 m. there are ENSO 
periodicities, along with a bidecadai signal of 16 years (Fig. 14).
The MEM salinity spectra (Figs. 6-14) have less variation with depth than 
the temperature spectra. At 0 m (Fig. 6) and at 10 m (Fig. 7) there are no peaks 
above the 999c confidence limit. However, at the surface (0 m) there are peaks in 
the ENSO band of 4 years and two-year period of 2.1 years which are above the 
959c confidence limit. At 10 m. the only peaks above the 95% confidence limit are 
at the decadal frequency of 11.5 years and at 2.1 years. At 20 m (Fig. 8). there 
is a decadal peak (11.5 years) which is of significance at the 99% level. At 50 m 
(Fig. 9) and 75 m (Fig. 10). ENSO periodicity of 3.7 and two-year periodicity of 
2.7 years are significant at the 99% level. In addition, at 50 m. the ENSO period 
of 5.3 years is also significant (99%). Between 100-150 m (Figs. 11-13). all the 
peaks are lower but broader. None are significant at the 99% confidence level.
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More energy is found in longer periods (more than 5 years) at these depths. At 
175 m (Fig. 14). there is a significant peak of ENSO frequency (3.1 years).
The MEM density spectra (Figs. 6-14) have the least variation with depth. At 
the surface (0 m) (Fig. 6). there are no peaks above the 99% confidence limit, but 
as in the salinity spectrum at this depth, above the 95% confidence limit, there 
are two peaks at 4 and 2.1 years. At 10 m (Fig. 7). the only peak above the 99% 
c onfidence limit is at the period of 2.1 years. At 20 m (Fig. 8). the 2.6 year period 
becomes significant, along with a decadal period of 11.1 years. At 50 m (Fig. 9). 
the dominant signal is ENSO. with the 3.7 year periodicity having the highest 
peak. At 75 m (Fig. 10). ENSO is still dominant, but the two-year peak at the
2.6 year period is smaller, though still above the 99% confidence limit. At 100 m 
(Fig. 11). ENSO dominates with the highest peak at 3.7 years. From 125 m to 
175 m (Figs. 12-14). the dominant signal has a period of 14-16 years and ENSO 
periodicities can also be seen.
The density spectrum at any particular depth does not look necessarily similar 
to either the temperature or the salinity spectrum at that depth. At the surface, 
the density spectrum is almost identical to the salinity spectrum. From 20 m 
down to 75 m. the salinity and density spectra still look very similar. At 100 m 
and below, the density spectra look different from the salinity spectra. The tem­
perature spectra at the same depths differ from the density spectra. As one goes 
down the water column, the influence of salinity diminishes slightly, but is still 
dominant over temperature. At the surface, the salinity influence is still the high­
est and the density and salinity spectra look similar. Deeper in the water column, 
the temperature variations modify the density spectra more, so that the density 
spectra look more like a composite of the temperature and salinity spectra. It is 
also interesting to note that of the ENSO periodicities, the 3.7 year period is the 
dominant one in the water column for all three hydrographic parameters.
The spectra obtained by Lomb's method are slightly different from the MEM 
spectra. These spectra have been calculated as a check for the MEM spectra. Even 
though the peaks are lower and broader than the peaks obtained by MEM. the 
area under the curves is preserved in the two methods and the spectra are fairly
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consistent. One peculiarity of the Lomb method is that low frequency signals like
16.6 years appear often in the spectra. This might be an artifact of the method.
4.3.2 Environmental parameters:
In order to examine whether the hydrography has significant energy at fre­
quencies similar to those of the potential forcing functions and patterns, the MEM 
and Lomb spectra of the environmental parameters were calculated (Fig. 15). The 
MEM and Lomb spectra of both PDO and upwelling index are similar. Both have 
energies at decadal low frequencies (13.9 - 15.9 years) and at EXSO frequencies (3 
- 6 years). The MEM spectrum for SOI has some distinct, high but broad peaks 
at typical EXSO frequencies of 5 and 3.6 years and a two-year peak. The highest 
peak is that of the 5 year period. The MEM spectrum of the upwelling index 
has a peak at 14.5 years that is above the 99% confidence limit. Peaks at EXSO 
periodicities are not significant above the 99% level.
The analysis shows that the PDO signal seems to be composed of a bidecadal 
periodicity and EXSO periodicities. In contrast, the upwelling index can be said to 
consist of the bidecadal periodicity. The freshwater discharge shows primarily the 
influence of EXSO periodicities and some influence of the bidecadal periodicity. 
While the 5 year peak is the most dominant in the SOI. the PDO has a dominant 
peak of 3.2 years (EXSO period). The freshwater signal seems a composite of the 
PDO and SOI signals.
4.4 Analysis of variance of peaks
Although spectral analysis gives an indication that the energy is concentrated 
under the peaks, it is difficult to estimate the variance accounted for by each peak 
by spectral analysis alone. First, the explained variance is a function of the area 
under the peak. This includes both the height and the breadth of the peak. A 
peak that is short but broad can account for as much or more variance than a tall, 
sharp peak. Second, the spectra calculated here are normalized by their standard
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deviation. So they do not give a measure of absolute variance. This necessitates 
the analysis of variance of the spectral peaks.
4.4.1 Hydrographic data:
Figure 16 shows the depth dependence of the explained variances of the two 
broad frequency classes - EXSO and decadal. The EXSO signals in this context 
contain the periodicities between 2 and 8 years while decadal periodicities are those 
between 10 and 17 years. At almost all depths. EXSO explains more variance than 
the decadal signal. The two signal classes are comparable in magnitude only in 
the surface layers, from the surface down to 20 m. Between the depths of 50m 
and 150m. almost 50% of the energy is in EXSO frequencies. There is almost 
no energy in the decadal frequencies at these depths, except for a slight amount 
(10%) in the salinity signal. Below 150 m. the variance explained by the EXSO 
frequencies is approximately double that explained by the decadal frequencies.
Temperature, salinity and density do not have identical explained variance 
patterns with depth. For the EXSO frequencies, density and salinity have similar 
shaped curves, but density contains more EXSO variance than salinity at almost 
all depths. The exceptions are near the surface and at a depth of 200 m. In 
addition, the maximum EXSO variance in salinity is shallower (50 m) than in 
density (75 m). The temperature signal does not have a minimum in variance at 
EXSO frequencies at 10 m, unlike both salinity and density but has a minimum 
at 20 m. It also has a sub-surface maximum at 100 m. From this depth down 
to the bottom (250 m). there is a steady decrease in energy at EXSO frequencies 
in the temperature spectra. But EXSO is seen more clearly in the temperature 
signal than in either salinity or density signals between 100 and 250 m.
Energy at decadal frequencies is less than 20% for all the hydrographic pa­
rameters. at all depths. There is a sub-surface minimum in energy at decadal 
frequencies which corresponds closely to the sub-surface maxima in energy at 
EXSO frequencies. There are no well defined maxima at any depth.
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4.4.2 Environmental parameters:
An analysis of variance of peaks in MEM spectra was done for the environ­
mental parameters to compare the energies in certain periodicities (Table IV). 
Once again two period classifications were made: one at ENSO periods and an­
other at decadal frequencies as explained previously. The SOI 1974-1998 time 
series contains ENSO periodicities of ~2.5, 3.5 and 5 years. These explain 329c of 
the total variance. The annual 1974-1998 time series of PDO also contains ENSO 
periodicities and a bidecadal period and together they explain more than 40% of 
the total variance. The time series of upwelling index from 1974 to 1998 shows 
bidecadal oscillation as well as ENSO. However, the energy in these periodicities 
is much less compared to the energy in the annual signal, which has been removed. 
Freshwater discharge hits 20% of its energy in ENSO and bidecadal periodicities, 
with ENSO containing the majority of the variance.
TABLE IN': Explained variance for the environmental parameters
% of Variance
; Environmental Parameters ENSO Decadal
j SOI 32.48 -
' PDO 30.34 10.67
Upwelling Index 3.29 3.22
Freshwater Discharge 18.44 2.08
4.5 Cross-spectral analysis
4.5.1 Analysis of hydrographic data with depth
Although two or more spectra may have energy in the same periodicities, these 
signals may or may not be coherent. The coherence is tested by cross-spectral 
analysis. This analysis produced voluminous data, which are not shown here. A 
brief description of the results is given instead. The spectra of the hydrographic
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parameters at each of the pre-selected depths have energy primarily concentrated 
at periods greater than 4 years. At such low frequencies, the phase shift is too 
small to be measurable. The coherence between the temperature spectrum at 10 
m and other spectra is almost 1 near the surface, but as one goes deeper in the 
water column, the coherence decreases from 1 to 0.8. The salinity and density 
spectra, however, show less coherence and more phase difference with depth.
4.5.2 Analysis of hydrographic data anomalies versus 
environmental parameters
This analysis also yielded a large amount of data which is summarized here. As 
expected. PDO is highly correlated with near-surface (10m) temperature anomaly, 
with temperature anomaly lagging PDO by an order of a few months. Both 
near-surface salinity and density anomalies have very low coherence and higher 
phase differences with PDO in the low-frequency region. Conversely, salinity anti 
density anomalies at 10 m are much more coherent than temperature anomaly 
to freshwater discharge. Salinity and density are also in phase with freshwater, 
while temperature shows a small phase lag. However, these phase relationships 
are at very low frequencies (17 years) and must be studied carefully as FFT does 
not perform well at such low frequencies. The comparison of the temperature 
anomaly spectrum at 10 m with the spectrum of freshwater discharge anomaly is 
a little difficult due to non-comparable energies in their spectra. SOI also has a 
high coherence and a small phase difference with temperature anomaly at 10 m. 
Salinity and density anomalies have low coherence and higher phase difference with 
SOI at a depth of 10m. Upwelling index anomaly has a small phase difference with 
each of temperature, salinity and density anomalies (hydrography lags upwelling 
index) and a high coherence of 0.8.
Although this analysis is not sufficient to determine a cause-effect relationship, 
it does show a higher coupling of temperature with PDO and SOI and a higher 
coupling of salinity and density with freshwater discharge. This analysis also 
shows that while temperature behaves in a markedly different manner, salinity
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and density have similar behavior with respect to these environmental parameters.
4.5.3 Analysis o f temperature and salinity signals
The temperature and salinity signals have been cross-correlated at the selected 
depths of 10 m. 100 m and 175 m (Fig 17). At 10 m. almost all the energy of both 
signals is in the annual signal. The coherence is very high here and the salinity 
signal lags the tem perature signal by about 2-3 months. A high air temperature 
causes snow/ice to melt and enter the area as freshwater discharge, that then 
lowers the salinity at 10 m. at a later time in the year. Also, the autumn storms 
follow the relatively quiscent summer period when SST reaches its maximum. At 
a depth of 100m. the energy in the annual frequency in both signals is slightly 
diminished.There is considerable energy centered at a frequency of about 4 years 
(EXSO frequencies). The spectra under both these peaks are highly correlated 
with a slight phase difference, of the order of a few months. At 175 m. the 
temperature spectrum has energy at both the annual and EX’SO frequencies, while 
salinity has all its energy in the annual signal. Thus only the annual frequency 
can be compared. At this frequency, the coherence continues to be high and the 
phase difference is reduced to about a month.
The high coherence of the spectra, mostly at annual frequencies, shows that 
temperature and salinity are not completely independent variables. They are 
highly correlated and are influenced by similar or related forcing functions. Be­
cause of this, although salinity has a greater influence on the density of the region 
than temperature, the density spectrum is not always similar to the salinity spec­
trum. The freshwater discharge is from the surface and the highest range of 
salinity is at or near the surface. The values of 'R ' are lowest here, and thus, near 
the surface, the density spectra look most like the salinity spectra. At the surface 
they are almost identical. Deeper in the water column, the value of 'R r increases 
as the range of salinity decreases. Since the temperature and salinity are highly 
correlated, the density spectra then take on attributes from both of them.
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Figure 5: Average monthly mixed layer depths at GAK 1 along with their standard 
deviation.
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Figure 6: Spectral analyses of hydrographic parameters at 0 m depth. For all of fig­
ures 6 through 14. the 90%. 95% and 99% confidence intervals have been marked 
on the MEM spectra while the Lomb spectra show 95% and 99% confidence in­
tervals. The periods of the peaks has been indicated in years.
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Figure 7: Spectral analyses of hydrographic parameters at 10 m depth.
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Figure 8: Spectral analyses of hydrographic parameters at 20 m depth.
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Figure 9: Spectral analyses of hydrographic parameters at 50 m depth.
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Figure 10: Spectral analyses of hydrographic parameters at 75 m depth.
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Figure 11: Spectral analyses of hydrographic parameters at 100 m depth.
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Figure 12: Spectral analyses of hydrographic parameters at 125 m depth.
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Figure 14: Spectral analyses of hydrographic parameters at 175 m depth.
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Figure 16: Explained variances of (a) EXSO (2-7 years) and (b) Decadal (10-1S 
years) periodicities in temperature (solid line), salinity (dotted line) and density 
(dashed line)
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Figure 17: Cross-spectral anaysis of temperature and salinity at 10 m. 100 m and 
175 m. The spectra are normalized and the frequency is in units of cycles/ month. 
The phase has been normalized by
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Conclusions
Fur this coastal site in the northern Gulf of Alaska, there is an annual cycle 
of MLD that varies seasonally from 40 m to 155 m. This has special biologi­
cal significance for production by bringing deep nutrients into the surface layers. 
Deepening winter MLDs is likely a mechanism that supports primary production 
in the region, since the source of upper layer nutrients is the deep water.
There is a controversy regarding the mechanism by which nutrients reach the 
northern shelf of the GOA. Several pathways have been proposed for the transport 
of nutrients across the GOA northern shelf. The possible pathways are:
1) near surface cross-shelf transport by winds.
2) cross-shelf transport near bottom, especially within canyons, and
3) cross-shelf transport by mesoscale eddies.
One scenario is that the deep, nutrient-rich waters from the central Gulf of 
Alaska are brought onto the shelf from the open ocean within canyons. However, 
once the nutrients are brought onto the shelf, they need to be brought into the 
euphotic zone to be made available for biological production. I suggest that the 
MLDs in the northern Gulf of Alaska are sufficiently deep to mix the nutrients 
from the deep waters into the surface layers. Thus the winter MLD would be very 
important to the vertical nutrient flux here, and hence the biological productivity.
Importantly, the MLDs at GAK 1 behave differently than the MLDs at OSP 
and the trend across the North Pacific is not uniform as previously assumed
47
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[Polovina et a i. 1995]. At GAK 1. there is no significant trend, though there 
is a deepening between 50-100m/century as calculated by the algorithm and the 
two independent methodologies. This is in contrast to a significant shallowing 
trend at OSP of the rate of 63 m/century [Freeland et al.. 1997]. It is possible 
that there is an out of phase relationship in MLDs in the northern Pacific. The 
gyre system and the Aleutian Low in the North Pacific are dominant parts of the 
system. W inter MLDs could be shoaling at the center of the gyre (OSP) while 
they deepen at the edge of the gyre (GAK 1). This indicates consistent dynamics 
with opposite nutrient supply conditions at the edge of the gyre as compared to 
the center of the gyre.The maximum MLD at GAK 1 also appears to be controlled 
by the regional factors of upwelling and freshwater discharge rather than by global 
factors like SOI and PDO. This appears to be a special characteristic of GAK 1 
due to its coastal location near sources of freshwater discharge and in a predom­
inantly downwelling regime. However. EXSO might influence the pycnocline and 
hence MLDs.
The spectra of water density at GAK 1 do not reflect solely either the tempera­
ture spectra or the salinity spectra, but a combination of the two. The temperature 
and density spectra are most similar at a depth of 100 m. This is in spite of the 
fact that salinity has a greater influence on density than temperature throughout 
the year and at till depths. Although temperature and salinity are independent 
variables, there is a definite correlation between them due to the association of 
these properties in water-masses. In addition, the range of temperature is much 
higher than the range of salinity. These factors together produce a combined ef­
fect of temperature and salinity spectra on the density spectra. It is possible that 
they work together with cold, salty water increasing the density and warm, fresh 
water decreasing it. Thus the influences of each are additive, leading to significant 
density variations.
Spectral analysis of the environmental parameters as time series from 1974- 
1998 show that SOI has EXSO frequencies and PDO has a bidecadal frequency 
along with EXSO-like periodicities. The upwelling index is dominated by the 
bidecadal frequency while freshwater discharge consists primarily of the EXSO-like
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periodicities and the bidecadal periodicity to a lesser degree. It is evident that the 
effect of regional temperature and pressure patterns like SOI and PDO are remote 
signals and are linked indirectly to the hydrography through freshwater discharge 
and upwelling. Another teleconnection of the EXSO signal to the hydrography 
is as a Kelvin wave propagating along the shelf break [Meyers et al.. 1998]. It 
has also been suggested that the hydrography of the region may be more closely 
linked to the extra-tropical Northern Oscillation Index (XOIx) [Schilling et al.. 
2000]. XOIx is a measure of the extra-tropical basin-wide atmospheric pressure 
variation, centered off California.
Since MLDs are related to mixing of the water column which in turn is related 
to nutrient supply and new production, information on the variation of ‘X’ (buoy­
ancy frequency) with depth and season may be important. Denman and Gargett 
■1988] found that a step in the temperature profile above the seasonal thermo- 
cline at OSP is evident in the 'X ' profile too. and separates the mixed layer into 
different bio-optical regimes. MLDs at GAK 1 could be calculated from such X‘ 
profiles, especially as advection decreases the reliability of other methods. Fitting 
of a step function to the depth profile of the buoyancy frequency should give closer 
estimates to the true value of the MLD.
Future work in the region needs to include analysis of MLDs along the Seward 
line in the Gulf of Alaska, possibly by using the Price. Weller and Pinkel (PWP) 
model [Price et al.. 1986]. The PW P model is a one dimensional bulk model. 
Originally used for diurnal cycles, this model computes the mixed layer depth by 
including the competing effects of surface heating and wind stress. The Math- 
ieu and deYoung modifications [Mathieu and deYoung. 1995] will be required to 
include the effect of salinity in the density calculations and to include diffusion 
terms. These terms will be important for timescales of the order of years. Addi­
tional advection terms also need to be added in the equation for the conservation 
of salt. Finally, this model should be coupled to a nutrient model to verify that 
the deepening of the seasonal MLD could be the mechanism that is responsible 
for bringing nutrients up into the euphotic zone.
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The results of this study demonstrate the out of phase relationship of the sea­
sonal MLDs at the center and the periphery of the North Pacific gyre system. The 
depths of the seasonal MLD also provide a plausible explanation for the mech­
anism that mixes nutrients into the euphotic zone and thus supports biological 
activity in the region, in contrast to the hypothesis of the nutrients being advected 
onto the shelf in the upper wind driven layers.
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